Abstract In some cases, in the Netherlands, an additional layer is being added to the thermocouple, used to measure the rectal temperature in medicolegal death investigations. Because of this deviation from the standard method, questions arose regarding the accuracy and precision of the measured temperature. Therefore, a cooling experiment was carried out on a round body made of agar with an average thermal conductivity of 0.454 W/(m°C) while measuring the temperature with and without an additional layer around the thermocouple for three different starting temperatures: 36, 30, and 27°C. The results show a significant difference between the measured values for the first 5 min when comparing with and without the additional layer. Further, a decrease in precision is present within the first minutes when using an additional layer. Therefore, it is concluded that it is best to measure the rectal temperature without an additional layer around the thermocouple and caution should be taken when measuring with an additional layer.
Introduction
In the Netherlands, the forensic medical examiner performs a necropsy at the crime scene and does little more in the mortuary. The next stop in the medicolegal investigation is the forensic pathologist who performs the autopsy. The rectal temperature is, in most cases, measured at the scene of the crime to estimate the postmortem interval by using Henßge's nomogram, supported by the degree and state of livor and rigor mortis. National guidelines from the Dutch Forensic Medical Society, in use by the departments of Forensic Medicine of the Public Health Service, state that a protective layer should be added to the thermocouple for rectal measurements. Arguments for this deviation from the standard method as suggested by Henßge are as follows [8] :
-To prevent contamination -For ease of insertion -For hygienic purposes.
In practice, the layers used to follow the guidelines are a nitrile glove or a condom. Further, the guidelines state that the temperature should be measured after several minutes and if possible after 1 h in situ.
Theoretically, adding layers results in an obstruction in the quasi-equilibrium that the thermodynamic system wishes to achieve; it has an insulating effect. Thermal energy can be transferred by radiation, conduction, and convection. In the situation of measuring the rectal temperature, the thermal energy is transferred by conduction by making direct contact with the surrounding tissues, and to a lesser extend due to radiation from these tissues and convection. According to Fourier's law, heat is transferred from more energetic particles to less energetic particles in its environment without physical transportation of these particles [7] . Each layer between the high energetic particles and the less energetic particles is an obstruction of the transference of energy. The impact of the obstruction on the flow of energy is determined by its thermal conductivity, expressed as λ. Adding a layer results in an obstruction of the quasi-equilibrium. The factor suffering most from these additional layers is time, and in time, the entire body will transport its remaining thermal energy to its surroundings. Since time and temperature are the dependents used for a PMI estimation based on the nomogram of Henßge, it is important to obtain a reliable measurement. According to Hubig et al., errors in input variables of the nomogram of Henßge, which seem to be insignificant, can lead to wrong postmortem interval estimates [9] . Since the nomogram of Henßge is primarily used as tool for estimating the postmortem interval, measurement errors should be brought to a minimum.
The effect of the additional layer was investigated by measuring the temperature of a body made of agar with and without the additional layer simultaneously for a duration of 90 min. Additionally, the difference between a nitrile glove and a condom as an additional layer was studied. † Technical agar, no.3, Oxoid LP0013, ordered January 2014, stored cool and dry † Purified water † Petroleum jelly
Concentration of agar
To investigate the effect of the additional layers surrounding the thermocouple, a body was created of technical agar, with a λ of 0.454 W/(m°C) (see Table 1 for several tissues and their associated λ). The requirements for the ball were stability and enough cohesion, and sufficient, but not too much, rigidity to prevent it from rupturing during the experiment. The thermal conductivity of 0.454 W/(m°C) falls within the range of human skeletal muscle at a temperature of 37°C and produced a ball that met the requirements. The chosen λ of 0.454 W/(m°C) was converted to a concentration of 3.6 % w/v (weight (g)/volume (ml)×100). The concentration was calculated by using the data from Zhang et al., who investigated the thermal conductivity of several concentrations agar at different temperatures. Figure 1 shows the extrapolated logarithmic function based on several concentrations at 20°C. The logarithmic function is y=−0.02ln(x)+ 0.4796, where y=λ and x=concentration % w/v [2, 13] .
0:454 ¼ −0:02ln 3:6 ð Þþ0:4796 Agar gel preparation and creation of the agar body and subsequent experiments
To obtain an agar concentration of 3.6 % w/v, ∼1 l of purified water was added to 36 g of technical agar [10] . Each ball contained 3.1 l of agar solution. To improve the dissolution of the agar in purified water, the water was heated to its boiling point.
The agar solution was poured into a mold, a hollow spherical ball made of rubber added with a thin layer of petroleum jelly for the ease of removal of the rubber mold. In the mold, two elongated cylindrical objects where placed with a diameter of 0.004 m and a length of 0.08 m, on opposite sites, to insert the thermocouples without causing the solidified agar to rupture. The agar solution had a higher temperature than desired; because of this, the ball was cooled by placing it in a bucket with ice prior to removing the mold. To stabilize the agar ball during the experiment, one fourth of the bottom part was cut off transversally, resulting in an average weight of 3 kg. The agar ball was then brought to the desired temperature by using a warm water bath, heated by a Julabo thermostat and verified with a Testo 108 thermometer. The temperatures used in the experiments are 36°C (N = 10 for both additional layers), 30°C (N = 5 for both additional layers), and 27°C (N = 5 for both additional layers). The ball was dried by using paper towels and two thermocouples were inserted, one with an additional Fig. 2 The setup of the experiment. A ball of agar with a λ of 0.454 W/ (m°C) has reached a temperature of 29.8°C after 43″ and 28′; the environmental temperature is 22.7°C. The right thermocouple has an additional layer around it, in this case, a nitrile glove. Photographic copyright belongs to J. Boertjes Fig. 3 Temperature measurements from the experiment starting at 36°C. The blue and green dots represent the measurements without and with a nitrile glove (N=10). The red and purple dots represent the measurements without and with a condom (N=10) (color figure online) layer and one without. The environment in which the experiments took place is best described as a laboratory with closed windows, occasionally minor movement of air due to employees walking around. The experiments were carried out away from the windows to avoid interference from sun radiation. For each experiment, a new ball was created following the abovementioned protocol.
For 90 min, the two temperatures of the ball and the environmental temperature were logged manually after 17, 33, and 50 s and at intervals of 30 s for the first 5 min, 1 min for the first 10 min, and 5 min for the remainder of the 90 min. Figure 2 shows the setup of the experiment. The overall average ambient temperature was 22.4°C±2°C (95.4 % CI).
Statistical analysis
The acquired data from each experiment was analyzed by using SPSS 22 for Mac, and the 2σ confidence interval (CI) for each temperature plotted and the significance was determined by applying an independent Student's t test to the following groups:
-Without condom versus with condom -Without nitrile glove versus with nitrile glove
In order to make a valid comparison between the measurements taken with a condom to those taken with a nitrile glove, it was necessary to determine whether both cooling experiments cooled down in the same manner. Therefore, a Student's t test was first applied to the measurements taken without the additional layer, the blank, and subsequently on the ambient temperatures during both experiments. Student's t tests were applied on the following groups in the following order:
-Without condom versus without nitrile glove -Ambient temperature condom versus ambient temperature nitrile glove -And finally, with condom versus with nitrile glove
Results
The ambient temperatures during all the experiments, at all time points, did not significantly differ from each other (ρ> 0.05), and the temperature measurements without an additional layer did not significantly differ from each other either (ρ>0.05).
Starting temperature 36°C
The results from the experiment with a starting temperature of 36°C show a decreased precision, an enlarged 2σ standard deviation (95.4 % CI), during the first 2 min when comparing the group with condom versus the group without condom and the group with nitrile glove versus the group without nitrile glove (see Fig. 3 ). Further, the temperature measurements taken with an additional layer seem to lag behind the ones taken with the naked thermocouple for the first 4 min. The groups without an additional layer did not significantly differ from each other (ρ>0.05).
The addition of a nitrile glove leads to a significant difference of the temperature measurements for the first 3.5 min and after 5 min, as can be seen in Table 2 . The condom as an additional layer had a significant influence on the temperature measurement for the first 3 min (see Table 3 ). There was a significant difference between adding a nitrile glove and a condom for the first 50 s, and after 35 min until 1 h after insertion (see Table 4 ).
Starting temperature 30°C
There appears to be a decreased precision for the first 2 min based on the results shown in Fig. 4 . This decreased precision is also observed after 75 min at 28.5°C. The temperature measurements taken with an additional layer seem to lag behind the ones taken with the naked thermocouple for the first 2 min, which is less than observed in the previous experiment with a starting temperature of 36°C. Adding a nitrile glove as an additional layer results in a significant difference during the first 50 s and also after 1 h (see Table 5 ). The condom as an additional layer also has a significant effect for the first 50 s (see Table 6 ). There was no significant difference between the two different additional layers (ρ>0.05).
Starting temperature 27°C
For the first minute and a half, the precision of the measurements with an additional layer is slightly decreased compared to the measurements without the extra layer. There also appears to be a delay in obtaining the right temperature of the body for the first 2 min (see Fig. 5 ). The observed phenomena are similar to the experiment with a starting temperature of 30°C and are less than the experiment with a starting temperature of 36°C. Compared with the Fig. 4 Temperature measurements from the experiment starting at 30°C. The green and blue dots represent the measurements without and with a nitrile glove (N=5). The red and purple dots represent the measurements without and with a condom (N=5) (color figure online) measurements without an additional layer, the nitrile glove had a significant influence for the first 50 s (see Table 7 ). The condom also had a significant influence for the first 50 s (see Table 8 ). There was no significant difference between the group with a nitrile glove and a condom as an additional layer (ρ>0.05). 
Discussion
The model
The proposed model cannot be fully compared to the cooling of a human body, due to the difference in mass, the complexity of human tissue, the absence of postmortem biochemical processes, and the absence of a sphincter. Nonetheless, it is expected that the thermodynamic system is similar in its behavior because it strives toward the highest attainable entropy. Gel-based dummies have also been used in other cooling experiments, but so far, none have used a concentration that mimics the thermal conductivity of human muscle tissue [6, 8] . Therefore, an attempt was made by extrapolating the data from Zhang et al. to produce a model that is easily made for studying the cooling of a body [13] . Tissue substitute materials have also been developed for microwave and X-ray application; to our knowledge, there currently is no better substitute for objectively measuring the cooling of a body with such ease except using a euthanized animal [5] . Nonetheless, the observations are based on a model that was similar in mass and density in all experiments and performed under similar ambient circumstances (ρ>0.05).
For the extrapolation of the concentration curve and associated formula, the data for 20°C was used from Zhang et al. The highest temperature used in the experiments was 36°C. Zhang et al. also reported the thermal conductivity for agar at 30 and 40°C. Preference was given to the same concentration during all cooling experiments. According to the data from Zhang et al., the thermal conductivity changes when the temperature changes. Due to an increase in temperature, the thermal conductivity rises, thus at a temperature of 36°C, the agar gel releases its energy more easily. The thermal conductivity of human tissue is also dependent on temperature, in a similar fashion as the agar solution. Only adipose, lung, and cancer tissue significantly differ according to the data from Valvano et al. [11] .
The results
At a higher starting temperature, 36°C compared to 27°C, it takes longer for the thermometer with an additional layer to obtain the right temperature. It is a natural phenomenon that with a larger temperature difference, it takes longer for the thermocouple to obtain the right value. This process is prolonged due to the obstructions between the two ambient temperatures. These layers have to adjust to the higher temperature, which results in loss of energy, and subsequently have to pass the remaining energy to the next layer. As stated earlier, the quasi-equilibrium will be achieved; it just takes longer. During the experiments, two problematic factors were observed that further increase the delay and reduce the precision; air pockets between the added layer and the thermocouple and folding of the added layer. Nonmoving air has a very low thermal conductivity; hence, it has a good isolating property [12] (see Table 9 for an overview of different thermal conductivities).
The significant difference after 60 min between the group without the nitrile glove and with the nitrile glove at a starting temperature of 30°C can be based on chance due to the relative low amount of measurements (n=5). This significant difference has not been found at the higher starting temperature of 36°C (n=10).
Conclusion
According to the guidelines of the Dutch Forensic Medical Society (Forensisch Medisch Genootschap), the rectal temperature should be taken by using a protective layer surrounding the thermocouple. The measurement should be taken within minutes after insertion and only when the temperature is stable. Although this seems to solve the issue of taking a false temperature reading, the best course of action is still to use a naked thermocouple based on the results of the carried out cooling experiments. The steepness of the curve is significantly decreased during the first 5 min, and the precision of the measurement is decreased, both due to the additional layer. There was a significant difference between using a nitrile glove versus using a condom as an additional layer, but both significantly differed from the naked thermometer. Thus, the minor improvement one can make by using the less influencing layer still does not justify the choice. 
